Liquid water confined between nanoscale hydrophobic objects can become metastable with respect to its vapor at nanoscale separations. While the separations are only several molecular diameters, macroscopic theories are often invoked to interpret the thermodynamics and kinetics of water under confinement. We perform detailed rate and free energy calculations via molecular simulations in order to assess the dependence of the rate of evaporation, free energy barriers, and free energy differences between confined liquid and vapor upon object separation and compare them to the relevant macroscopic theories. At small enough separations, the rate of evaporation appears to deviate significantly from the predictions of classical nucleation theory, and we attribute such deviations to changes in the structure of the confined liquid film. However, the free energy difference between the confined liquid and vapor phases agrees quantitatively with macroscopic theory, and the free energy barrier to condensation displays qualitative agreement. Overall, the present work suggests that theories attempting to capture the kinetic behavior of nanoscale systems should incorporate structural details rather than treating it as a continuum. Published by AIP Publishing. https://doi
Performing atomistic simulations to probe nanoscale phenomena is an often useful complement to experimental investigation. However, the results obtained from such computer experiments are then often interpreted using continuum theories that are agnostic to the existence of atoms and molecules, let alone their structural arrangement. While there is no good reason a priori to rely on such theories, if continuum descriptions prove successful, they can then serve as convenient tools for engineering design at the nanoscale. The present work explores an example of nanoscale science where macroscopic theories are often invoked.
The specific nanoscale phenomenon we consider is the fact that water confined between hydrophobic objects of sufficient size becomes metastable with respect to its vapor at separations below a critical drying distance D c . [1] [2] [3] [4] The thermodynamics and kinetics of confinement induced evaporation have continued to receive much attention as they are believed to underlie hydrophobic self-assembly. [4] [5] [6] [7] In addition, such transitions are suspected to have significant biophysical consequences, underlying the function of membrane bound proteins such as ion-channels 8, 9 and G-protein coupled receptors, 10 both of which are common drug targets due to their role in signaling.
A common model for probing the fundamental physics of hydrophobic evaporation consists of two parallel L × L hydrophobic plates separated by a distance D, immersed in a bath of liquid water at fixed temperature and chemical potential. 3, 4 The confined ∼L 2 D region is an open system coupled thermodynamically to the surrounding liquid bath. One can a) Author to whom correspondence should be addressed: pdebene@ princeton.edu formulate expressions for the grand potential Ω (i.e., the appropriate thermodynamic potential for an open system) of the confined liquid Ω l and vapor Ω v at a given separation. The separation such that
provides an estimate of D c , and for water confined between flexible plates, it is given by
where the first term on the right-hand side is the estimate for perfectly rigid plates 2 and the second term on the righthand side is a modification that accounts for deformations that occur upon evaporation between flexible plates. 11 γ vl is the vapor/liquid interfacial tension, ∆p is the pressure difference between the liquid bath and the confined vapor, θ is the contact angle of water on the hydrophobic substrate, and φ = 4γ vl
L∆p . For the terms that account for plate deformation, ∆V is the volume that becomes available to the surrounding liquid due to deformation, ∆A vl is the corresponding reduction in vapor/liquid interfacial area, and U strain is the strain energy in the plates. 11 For nanoscale plates at ambient conditions, φ 1, as the thermodynamic penalty of forming a vapor/liquid interface far outweighs the increase in bulk free energy. Note that such conditions are relevant to most biophysical applications. In the φ 1 regime, Eq. (1) reduces to
where the above expression is for the specific example of a linear elastic material, in which case the work of the loads inducing deformation is equal to twice the strain energy (i.e., 2U strain = ∆p∆V + γ vl ∆A vl ). 12 For perfectly rigid materials (i.e., having infinite capacity to withstand deformations under load),
Despite being a macroscopic theory, the above expression, in the rigid limit, has repeatedly been shown to be quantitative. [13] [14] [15] In addition, the flexible modification is positive (i.e., for a linear elastic material: ∆p∆V + γ vl ∆A vl − U strain = U strain > 0), 11 meaning that flexibility promotes evaporation with respect to otherwise identical rigid plates, a prediction that has recently been verified by us via computer simulations. 16 In addition to informing equilibrium phase behavior, macroscopic thermodynamic arguments (i.e., continuum arguments) are used to interpret the kinetics of evaporation via classical nucleation theory, which posits that the probability of forming an embryo of the stable phase can be related to the reversible work of its formation W. 17 The transition rate is then related to the reversible work of forming an embryo of sufficient size n * associated with the transition state, called the critical nucleus
where kT is the thermal energy. Accordingly, the dependence of log(rate) upon a given parameter provides information regarding how the free energy barrier scales with that parameter. For water in hydrophobic confinement, the classical picture is that a gap-spanning cylindrical tube of sufficient radius r c promotes nucleation. 18, 19 Continuum thermodynamic arguments estimating the reversible work required to form a tube of size r c lead to
where τ is the line tension, which provides the thermodynamic cost of forming a three-phase contact line. 14, 19 Depending on the relative values of the separation-dependent terms, one expects a quadratic or linear scaling of the barrier with separation. In addition, without a dramatic change in γ vl or τ, Ω * evap is a continuous, differentiable function of separation. Doubts regarding the applicability of Eq. (4) have largely been limited to the shape of the critical nucleus as it has been noted that the tubes tend to resemble an hourglass rather than a perfect cylinder. 4, [20] [21] [22] In addition, there is some debate over whether the barrier to evaporation is in fact a tube of sufficient radius. 2, 15, 16, 19, 23 However, we have found, by direct observation, that evaporation in nanoscale hydrophobic confinement indeed requires the formation of a tube of sufficient size in order to cross the nucleation barrier. 16 While versions of Eq. (4) have been invoked for some time, 4 ,24 relatively few studies have evaluated the accuracy of the scaling suggested by Eq. (4). The earliest test is credited to Luzar, 25 who employed 2D lattice gas simulations in solvophobic confinement in conjunction with umbrella sampling to estimate the scaling of Ω * evap with D and found that Ω * evap ∝ D 1.9 , a result within error of recovering a quadratic relation. Xu and Molinero 26 calculated the barriers to evaporation of the coarse-grained (mW) model of water 27 between hydrophobic disks directly from the water content probability distribution and found good agreement with a fit Ω * evap = c(D − 2δ) 2 , where δ accounts for the distance between the center of mass of the plate and the closest water molecules, and c is a constant [estimated as πγ vl 2 in Eq. (4)]. Sharma and Debenedetti 19 computed the rates of evaporation of the extended simple point charge (SPC/E) model of water 28 between hydrophobic plates using forward flux sampling (FFS), 29, 30 reported linear scaling of log(rate) versus D, and rationalized the results by suggesting a dominant role of line tension.
Here we revisit our previously employed model system 16 and calculate the rate of evaporation and free energy profiles as a function of separation. The system contains two 3 × 3 nm 2 hydrophobic plates immersed in a bath of SPC/E water 28 simulated at 298 K and 1 atm. Each plate is composed of three layers of atomic sites, where each nearest neighbor interacts through a harmonic spring with strength K. Tuning K adjusts the overall flexibility of the plates. A more detailed description can be found in Ref. 16 . While our previous work sought to elucidate how material flexibility affects the thermodynamics and kinetics of nanoscale hydrophobic evaporation and condensation, the present work provides more detailed calculations to assess the separation dependence of the rate, free energy barriers, and free energy difference between confined liquid and vapor and evaluate their agreement with the macroscopic theories summarized above. Figure 1 shows the rate versus separation for two different flexibilities, calculated via forward flux sampling. 29 Both K = 1500 and 1000 kcal mole Å 2 were considered in our previous study 16 but separations were limited to D = 12.00, 12.50, and 13.00 Å. Here, we have extended the rate calculations below 12.00 Å and performed additional calculations between 12.00 and 12.50 Å. We also performed repeat calculations at D = 11.75 and 12.00 Å for K = 1500.
Neither flexibility exhibits a simple log(rate) versus D relationship for the range of separations considered. At higher separation, both curves are linear, consistent with Eq. (4) in the limit of dominant line tension. However, at lower separation, both curves appear to show a "break" that separates two limiting behaviors. The K = 1500 plates exhibit a nearly discontinuous response between D = 11.95 and 12.00 Å. Following the break, the curve appears quadratic but exhibits positive curvature. For the K = 1000 plates, the break corresponds to a region of positive curvature, with both sides of the break exhibiting linear behavior. Without an abrupt change in the surface or line tension, such features are inconsistent with the predictions of Eq. (4). It has been suggested that part of the free energy profile is consistent with classical nucleation theory if one allows these physical parameters to depend on separation. 15 However, both curves contain regions of positive curvature, in conflict with the predictions of Eq. (4), even with varying physical constants.
To formulate Eqs. (1), (2), and (4), the confined fluid is considered a continuum. However, it is well known that fluids in nanoscale confinement will exhibit layering to accommodate the geometric constraint. Surface force apparatus measurements show evidence of oscillatory forces below about 1.5 nm separations due to water layering, with a periodicity corresponding to the diameter of a water molecule. 31 Indeed, layering has been observed in numerous simulation studies and is expected to be important for the diffusive association of hydrophobic objects. 7, 32 Here we provide a structural characterization of the aqueous film that suggests that subtle features can impact the rate of evaporation. Figure 2 shows the average density profile of water between the above-described plates, for a range of plate separations for the K = 1500 and 1000 plates, shifted such that z = 0 corresponds to the midpoint between the two plates. This average is performed over the expanse of the plates in the x-y plane for bin widths of 0.05 Å in the z-direction. Thus, features in the x-y plane such as local cavities, which are important for the kinetics of evaporation, 15, 16 are averaged out. In addition, such an analysis lacks any information about molecular orientation that may be important for a network fluid like water.
As expected, the density profile exhibits peaks and valleys associated with layering of the confined fluid. Recall that these represent density probabilities, and the water molecules remain highly mobile (i.e., liquid-like). At larger plate separations, there are three peaks corresponding to three water layers. As the plates are brought closer together, the middle peak weakens and eventually inverts to minimum, as the liquid FIG. 3. Free energy calculations for the K = 1500 plates for different separations. The figure displays the full free-energy profile projected onto the number water molecules confined between the plates; the liquid basin is fixed at 0 for all separations. The profiles show that the barrier to evaporation does not decrease monotonically below 12.00 Å. However, the vapor becomes progressively stabilized with respect to the liquid as separation decreases, suggesting that non-monotonicity in the barrier is solely a kinetic effect.
film transitions from a trilayer to bilayer. This transition occurs between D = 11.95 and 12.00 Å for the K = 1500 plates and between D = 12.00 and 12.10 Å for the K = 1000 plates. In both cases, the transition between tri-and bi-layer is in rough correspondence to the location of the "break" in the rate, suggesting that the latter is a result of a structural transition in the liquid film. The film must rupture in order to evaporate. 15, 16 Thus, it appears reasonable that structural details of the film have implications for the kinetics of evaporation.
For the K = 1500 plates, we have computed a selection of free energy profiles projected onto the number of confined water molecules between the plates (Fig. 3) . These profiles are computed by performing FFS in both directions to obtain the stationary distribution of the FFS order parameter, 33 which in this case is the number of confined water molecules. The liquid basin is shifted to β∆Ω = 0 for all separations. As implied by the rate calculations (Fig. 1) , the free energy barrier to evaporation becomes a non-monotonic function of separation below 12 Å. From these calculations, it is clear that a non-monotonic barrier to evaporation is largely consistent with   FIG. 2 . Local density of water in hydrophobic confinement for a variety of separations D for both the K = 1500 and K = 1000 plates. A transition between a trilayer to bilayer occurs for both flexibilities in rough correspondence to the break in the rate of evaporation. The K = 1500 plot includes separations 11.50, 11. 65, 11.75, 11.85, 11.90, 11.95, 12.00, 12.10, 12.25, 12.50, and 13 .00 Å. The K = 1000 plot includes separations 11. 50, 11.75, 11.85, 11.95, 12.00, 12.10,  12.25, 12.50, 12 .75, and 13.00 Å. impeded kinetics, as the vapor basin monotonically descends with separation. The top plot in Fig. 4 displays the barrier to evaporation β∆Ω * evap versus separation. The curve shows linear behavior at larger separation and then flattens at lower separation, with a jump in between.
For the confined vapor to condense, the interface with the surrounding liquid must spontaneously collapse inward to allow the surrounding liquid to penetrate the confined region. As this interface collapses, the barrier to condensation is likewise a gap-spanning tube of sufficient size. Since condensation is the reverse of evaporation, the barrier to condensation β∆Ω * cond is simply β∆Ω * evap − β∆Ω vl , where β∆Ω vl is the free energy difference between the vapor and liquid. Since β∆Ω vl is linear in D, 11 β∆Ω * cond is quadratic with the same leading coefficient as in Eq. (4) . Figure 4 (middle) plots β∆Ω * cond versus separation. While the free energy barrier to evaporation appears to be coupled to the structure of the liquid film, the free energy barrier to condensation ∆Ω * cond is well described by a quadratic fit, in agreement with the predictions of classical nucleation theory (best quadratic fit has R 2 = 0.999; best linear fit has R 2 = 0.987). However, if one attempts to estimate the surface tension through the coefficient to D 2 in Eq. (4), one obtains γ vl = 1.0 J/m 2 , a fairly poor agreement. Thus, while the trends of classical nucleation are preserved for condensation, they do not appear to be quantitative.
The macroscopic thermodynamic theory employed to estimate D c predicts a linear relationship between ∆Ω vl and D, with slope 4γ vl L. Note that while ∆Ω vl is a function of flexibility (i.e., K), the slope is given by 11 which is K-independent. Our computed ∆Ω vl are well described by a line with a slope of 25.65 kT /Å (Fig. 4, bottom) . Solving for γ vl yields an estimate of the surface tension of 0.072 J/m 2 , a value roughly 13% higher than SPC/E's surface tension, 34 a very reasonable agreement. Note that we have typically defined L as the distance between atomic centers of sites on opposite edges of the plate. To obtain this estimate of γ vl , two LennardJones distances 2σ = 0.6566 nm characterizing the wall-water interactions were added to the plate length (making it effectively 3.6555 nm), in a spirit similar to the modification of D by Xu and Molinero. 26 It appears that the arguments that result in Eqs. (1) and (2) provide a quantitative description of the thermodynamics of water in nanoscale hydrophobic confinement. We note that a linear relationship between ∆Ω vl and D has recently been reported for the case of water confined between perfectly rigid, hydrophobic disks. 35 The results presented here suggest that subtle structural features of confined aqueous films can dramatically impact the kinetics of hydrophobically induced evaporation. While our previous work 16 suggests that the barrier to evaporation is a gap-spanning tube of sufficient size, invoking macroscopic arguments to formulate a nucleation theory appears to have little predictive value. Thus, caution is warranted in relying on macroscopic theories to formulate simple design rules within the context of the kinetics of hydrophobic nanoscale evaporation. However, the thermodynamics of evaporation/condensation are fairly well described by macroscopic thermodynamic arguments. In addition, the kinetics of condensation qualitatively follow the predictions of classical nucleation theory. The difference between the behavior of evaporation and condensation may be a result of an outsized role of interfacial density fluctuations 15, 16, 36 and possibly shape fluctuations of the vapor tube 24 in evaporation.
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